Abstract Brittleness and ductility of shale are closely related to shale gas exploration and production. How to predict brittleness and ductility of shale is one of the key issues in the study of shale gas preservation and hydraulic fracturing treatments. The magnitude of shale brittleness was often determined by brittle mineral content (for example, quartz and feldspars) in shale gas exploration. However, the shale brittleness is also controlled by burial depth. Shale brittle/ductile properties such as brittle, semibrittle and ductile can mutually transform with burial depth variation. We established a work flow of determining the burial depth interval of brittle-ductile transition zone for a given shale. Two boundaries were employed to divide the burial depth interval of shale brittle/ductile properties. One is the bottom boundary of the brittle zone (BZ), and the other is the top boundary of the ductile zone (DZ). The brittle-ductile transition zone (BDTZ) is between them. The bottom boundary of BZ was determined by the overconsolidation ratio (OCR) threshold value combined with pre-consolidation stress which the shale experienced over geological time. The top boundary of DZ was determined based on the critical confining pressure of brittle-ductile transition. The OCR threshold value and the critical confining pressure were obtained from uniaxial strain and triaxial compression tests. The BZ, DZ and BDTZ of the Lower Silurian Longmaxi shale in some representative shale gas exploration wells in eastern Sichuan and western Hubei areas were determined according to the above work flow. The results show that the BZ varies with the maximum burial depth and the DZ varies with the density of the overlying rocks except for the critical confining pressure. Moreover, the BDTZ determined by the above work flow is probably the best burial depth interval for marine shale gas exploration and production in Southern China. Shale located in the BDTZ is semi-brittle and is not prone to be severely naturally fractured but likely to respond well to hydraulic fracturing. The depth interval of BDTZ determined by our work flow could be a valuable parameter of shale gas estimation in geology and engineering.
Introduction
The increasing significance of shale gas plays has led to the need for deeper understanding of shale behavior (Dewhurst et al. 2015) . In both exploration and production of shale gas, brittleness and ductility of shale are important evaluation parameters as they are closely related to natural shale fracture (Ding et al. 2012) , artificial hydraulic fracturing , drilling (Eshkalak et al. 2015; Zeng et al. 2015) , permeability (Ghanizadeh et al. 2013 ) and gas preservation (Yarali and Kahraman 2011; Gale et al. 2014; Hu et al. 2015; Liu and Sun 2015; Zeng et al. 2015) . Brittleness is one of the most important mechanical parameters of unconventional gas shale reservoir estimation when it comes to hydraulic fracturing (Gasparrini et al. 2014; Holt et al. 2015) and borehole wall stability assessment and gas preservation risk (Ingram and Urai 1999; Hu et al. 2014; Zhou et al. 2014) . Brittle shales are more likely to be naturally fractured and will also be more likely to respond well to hydraulic fracturing treatments (Nobakht et al. 2013) . Natural fractures may provide some reservoir space for shale gas but also may result in shale gas leakage . Gas shale brittleness, a measure of the tendency of a rock to fracture, is a complex function of lithology, mineral composition, amount of total organic carbon (TOC), diagenesis, thermal maturity, porosity, effective stress, temperature and type of fluid in the pores (Wang and Gale 2009 ). The magnitude of shale brittleness is usually expressed by an index indicating how brittle a rock is, which has no unique definition. Different variations were employed as a brittleness index such as internal cohesion (Ramsey 1967) , fracture with little or no plastic flow (Obert and Duvall 1967) , stress-strain data (Kias et al. 2015) , etc. In shale gas exploration and development, the brittle mineral content, the Young's modulus and Poisson's ratio are often employed to estimate shale brittleness. In terms of Poisson's ratio, the lower the value, the more brittle the shale, and as the value of Young's modulus increases, the more brittle the shale will be (Rickman et al. 2008) . The quartz, feldspar and carbonate are the minerals recognized as brittle components of tight shale rocks (Chen and Xiao 2013) . Quartz content can increase the brittleness and clay content will decrease the rock strength and brittleness of shale layers (Labani and Rezaee 2015) . A rock with higher brittle mineral content also has higher brittleness (Liu and Sun 2015) . Wang thought that brittle rocks generally comprise a high content of quartz and carbonates and the lowest clay content (Wang et al. 2015) . However, shale brittleness is not totally intrinsic, but varies with environmental conditions. For example, high-level diagenetic shales with the same brittle mineral contents can be brittle, semi-brittle or even ductile under different confining pressures.
A parameter often used in soil mechanics to quantify the ductility or brittleness of clays is the over-consolidation ratio (OCR). It is defined as the ratio between the maximum effective vertical stress and the present effective vertical stress. Soil mechanics makes a clear distinction between materials that have been loaded previously to a higher effective stress level and then unloaded to its current in situ effective stress. These materials are called overconsolidated (OC) materials. If the current effective vertical stress in the material is as high or higher than at any time in its history, then the material is normally consolidated (NC). Over-consolidation in mudrocks and shales is caused by a combination of mechanical compaction and other non-mechanical factors leading to an apparent preconsolidation. Shales which reach effective confining stresses above the apparent pre-consolidation stress are normally consolidated (NC), while those at effective confining stresses below apparent pre-consolidation are overconsolidated (OC). NC shales or those with low OCR show ductile behavior. OC shales with high OCR show brittle behavior (Nygård et al. 2006) .
The brittle/ductile properties can mutually transform with burial depth in sedimentary basins. The most often used method of employing the brittle mineral contents to estimate the magnitude of shale brittleness in shale gas exploration field is not always suitable if burial depth is ignored. For example, even if the brittle mineral content of shale is very high (say as extremely high as 90%), it cannot be considered that the shale rock has a high level of brittleness when it is in a deeply buried state. So, the burial depth must be taken into consideration when it comes to estimating the downhole shale brittleness. How to estimate the influence of the burial depth on shale brittleness is the main target of this paper.
In Southern China, there are several sets of shale with high levels of diagenesis, such as the Jurassic Tongzhuyuan, the Permian Longtan, the Silurian Longmaxi and the Cambrian Niutitang formations. Among them, the Longmaxi and Niutitang shales are the main marine sequences for shale gas exploration. These shales experienced early deep burial and late uplifting. The present-day burial depths were not the maximum burial depth they experienced in geological time. In this paper, we tried to set up a workflow of determining the depth interval of brittleness, semi-brittleness and ductility of such high-level diagenetic shales. The purpose is to roughly estimate shale gas preservation and hydraulic fracturing based on burial depth so as to lower geologic and engineering risks in exploration and production.
2 A brief introduction of the workflow of determining BDTZ
In our work flow, two boundaries were employed to mark the brittle/ductile properties of shale and they were determined by different methods (Fig. 1) . The bottom boundary of the brittle zone (BZ) was determined with the threshold value of the over-consolidation ratio (OCR) of shale combined with the pre-consolidation stress. The top boundary of the ductile zone (DZ) is determined by a critical confining pressure. Hence the brittle-ductile transition zone (BDTZ) is limited between the two boundaries. (Shi and Wang 2000) . In our uniaxial strain test, we used a 10-mm-thick-wall cylinder made from 45# steel with inside and outside radii of 23.5 and 33.5 mm, respectively (Fig. 2) . The axial stress is the stress vertically exerted on the shale sample in the experiment, and the lateral stress was calculated from: where P, lateral stress experienced by the inner wall, MPa; E, Young's modulus of the steel, 2.06E?11 Pa; e, lateral strain of the steel cylinder, %; a, inside radius of the steel cylinder, 23.5 mm; b, outside radius of the steel cylinder, 33.5 mm.
To compare the pre-consolidation pressure differences between shale rocks with different maximum burial depth and diagenesis, two types of shale samples were collected for the uniaxial strain test. One is the Silurian Longmaxi shale which experienced high level of diagenesis, and the other is the Jurassic Tongzhuyuan shale which experienced a relatively lower level of diagenesis. The two types of shale with different degrees of diagenesis have roughly the same mineral composition determined by X-ray diffraction analysis (XRD). The Silurian Longmaxi shale contains around 50% clay, 36% quartz, and 14% of other minerals including feldspar, dolomite, siderite, anhydrite, pyrite and pyroxene. The Jurassic Tongzhuyuan shale contains 50% clay, 40% quartz and 10% other minerals. Two cylindrical samples were drilled from the same block of both types of shale rock. Based on the measured lateral strain of the steel cylinder, the lateral stress on the samples can be calculated from Eq. (1) and then the graph showing the relationship between the axial stress and the lateral stress can be constructed. The axial stress corresponding to the point signifying the variation of slope of the uniaxial strain test curve is the pre-consolidation pressure. According to Figs. 3 and 4, the pre-consolidation pressures of the Silurian Longmaxi shale and the Jurassic Tongzhuyuan shale are about 155 and 26 MPa, respectively (Table 1, Figs. 3, 4) . The pre-consolidation pressure of the older, more deeply buried and highly diagenetic Silurian shale is much higher than that of the younger Jurassic shale.
Over-consolidation ratio (OCR)
In Southern China, sedimentary rocks experienced higher consolidation pressure (pre-consolidation pressure) in the geological history than that of present day. When a shale rock has been unloaded (e.g., due to uplift and erosion), the effective vertical stress supported by the shale at any time in the uplifting process should be less than the maximum effective vertical stress. The over-consolidation ratio at any time in the uplifting process is the ratio of maximum effective vertical stress (r According to Eq. (2), the OCR history can be reconstructed based on the burial history and erosion thickness reconstruction. In Sect. 3.1, a method of determining the pre-consolidation pressure has been introduced. In order to conveniently calculate the OCR, the confining pressure data in the triaxial compression test was taken as the effective vertical stress corresponding to the uplifting stage; therefore, the OCR values under different confining pressures can be calculated through Eq. (2).
Triaxial compression tests were conducted with an XTR01 microcomputer controlled electro-hydraulic servo triaxial tester jointly developed by Changchun Xinte Experimental Factory and Wuhan Institute of Rock and Soil Mechanics, Chinese Academy. Test samples were collected from Longmaxi shale in the same location of the Silurian Longmaxi samples for uniaxial strain test, and therefore it can be considered that they have the same mineral contents as shown in Table 1 . The triaxial test results and calculated OCR values are shown in Table 2 .
The peak stress is the axial stress when the shale samples failed under compression, confining pressure is the stress perpendicular to axial stress, and principal stress difference is the difference between peak stress and confining pressure. Normalized principal stress difference is the ratio of principal stress difference to confining pressure. The OCR values under different confining pressures are the ratio of pre-consolidation pressure to confining pressures. In Table 2 , it can be seen that the OCR increases with decreasing confining pressure for a given pre-consolidation. It implies that the greater the uplifting erosion, the larger the OCR of the shale.
Determination of the threshold value of OCR
The over-consolidation ratio (OCR) can reflect the degree of brittleness of shale: the larger the OCR, the greater the OCR can reflect not only the brittleness of shale, but also the shearing strength (Nygård et al. 2006) . The relationship between OCR and normalized shearing strength (q u =r 3 ) can be established from the analysis of triaxial compression test results obtained from stress history and the normalized soil engineering method (SHANSEP method) (Ladd and Foott 1974) :
where q u is principal stress difference in the triaxial test, r 3 is confining pressure in the triaxial test, OCR is the overconsolidation ratio of shale, a (empirical coefficient) is the equal of normalized shearing strength of normally consolidated shale (OCR = 1), and b is a fitting parameter. As can be seen, the larger the OCR, the greater the normalized shearing strength of the shale is.
If the OCR is associated with BRI (Ingram and Urai 1999), then:
When BRI is more than 2, shale is completely brittle, and the larger the BRI, the greater the brittleness (Ingram and Urai 1999) . Therefore, the OCR value when OCR b ¼ 2 can be set as the threshold value of brittleness of shale, of which b is obtained from fitting of normalized shear stress and OCR data.
For example, the over-consolidation ratio and threshold value of shale have been determined for the Longmaxi shale in eastern Sichuan. A crossplot was drawn with normalized principal stress difference and OCR data in Table 2 . The function relationship between normalized principal stress difference and OCR was obtained with data fitting. It is q u =r 3 ¼ 2:4723ðOCRÞ 0:7285 with R 2 = 0.9927, indicating very high fitting degree (Fig. 5) . As can be seen, the empirical coefficient b is 0.7285 and OCR b ¼ 2. The calculated threshold value of OCR (OCR threshold ) is 2.6. When the OCR reaches 2.6, the Longmaxi shale will become completely brittle.
Bottom boundary of the brittle zone (BZ)
The bottom boundary of the brittle zone can be consequently calculated with the definition of OCR (the ratio of maximum vertical effective stress to present vertical effective stress) after obtaining the threshold value of OCR.
The average formation water density of the overlying strata of the Longmaxi Formation is about 1.07. From the definition of the OCR:
where r 0 vmax , maximum effective vertical stress, MPa; r 0 v , current effective vertical stress, MPa; q 1 , the average density of overlying strata at the maximum burial depth, g/ cm 3 ; q 2 , the average density of current overlying strata, g/ 
The maximum burial depth of the bottom boundary of the Silurian (H max ) was obtained from burial history reconstruction. It omitted the descriptions about how to reconstruct the burial history of the Silurian shale based on the back-stripping method (Springer 1993) in consideration of the paper page limits. The bottom boundary of the brittle zone can be calculated with Eq. (6). Using the threshold value of Longmaxi shale of 2.6 as calculated in the previous section, five shale gas exploration wells have been examined and the results are shown in Table 3 . As can be seen, the bottom boundary of BZ of the Silurian shale varies with its maximum burial depth. The deeper the maximum burial depth, the deeper the bottom boundary of BZ of a given shale located.
Determination of top boundary of ductile zone (DZ)
The brittle-ductile transition controlled by confining pressure is not sudden, but a gradual transition. There is a transitional zone of ductile brittleness and brittle ductility between completely brittle and completely ductile. Generally, the confining pressure value of the post-peak of stress-strain curve shown as perfect plasticity is defined as the critical confining pressure of the brittle-ductile transition (Mogi 1965) . It is relatively easy to determine the top boundary of the ductile zone. The critical confining pressure of the brittleductile transition only needs to be converted into depth. The ratio of residual strength to peak strength can be calculated with the triaxial compression test data, and it can be applied to compile a crossplot of confining pressure and the ratio of residual strength to peak strength (Fig. 6 ). The mathematical model between the confining pressure and residual/peak strength of different types of shale can be obtained through linear fitting. When residual strength/-peak strength is 1, the confining pressure is the critical confining pressure of the brittle-ductile transition of shale and the converted depth (H d ) is the top boundary of the ductile zone.
As shown in Fig. 6 , the ratio of the residual and peak strength increases with increasing confining pressure. There is a good linear relationship between them, which is y ¼ ax À b. Then, when x = 1, y ¼ a À b, and it is the critical confining pressure of the brittle-ductile transition. From the fitting relation y = 112.66x -41.415 from Fig. 6 , the critical confining pressure of brittle-ductile transition of the Longmaxi shale is 71.2 MPa. Given the density (q) of overlying strata, the critical depth of the brittle-ductile transition can be calculated, namely the depth of the top boundary of the ductile zone (H d ):
The average density of overlying strata of the Longmaxi shale in eastern Sichuan-western Hubei area calculated from log curve (Fig. 7) is 2.67 ± 0.065 g/cm 3 , and the calculated top boundary depth (H d ) of the ductile zone is about 4470 ± 230 m (Table 4) . In other words, in eastern Sichuan-western Hubei area, the Longmaxi shale will be ductile when its present burial depth is deeper than 4470 ± 230 m.
5 Brittle-ductile transitional zone (BDTZ) and discussions
After determining the bottom boundary of BZ and top boundary of DZ, the BDTZ (Brittle-ductile transitional zone), BZ (brittle zone) and DZ (ductile zone) are all determined. The bottom boundary of BZ varies with the maximum burial depth. The TBDZ varies due to differences of the average density of overlying strata except for the critical confining pressure; thus, the BDTZ of shale is Tables 3 and  4 , the Longmaxi shale of well Jiaoye1, well Heye1 and well Jianshen1 is in BDTZ, BZ and DZ, respectively (Fig. 8) .
The BDTZ may be the best depth interval for shale gas exploration in highly mature marine shales in South China which experienced multistages of tectonic movement and extensive uplifting and erosion. Brittle/ductile characteristics of shale are closely related to natural fractures, thus controlling the gas preservation and affecting the reservoir properties and compressibility (hydraulic response). Although shale in the brittle zone is characterized by ''good'' brittleness and compressibility, extensional fractures may occur under tectonic stress during uplift and erosion; thus, preservation conditions may have been destroyed, resulting in great loss of free gas in the shale. Although shale in the ductile zone is characterized by ''good'' ductility and ''good'' sealing capacity which is not prone to develop brittle fracture under tectonic stress, the compressibility is poor and hydraulic fractures are prone to be closed under high confining pressure. In contrast, shale in the BDTZ is characterized by semi-brittle properties with some extent of compressibility and disconnected micro-fractures which may not destroy the preservation conditions of shale gas; therefore, it is the most beneficial condition for development of reservoir space and shale gas preservation, as the most favorable depth interval for shale gas exploration as well as development.
Existing exploration and development wells in highly mature marine shales in Southern China have verified that the BDTZ is a ''golden zone'' for shale gas exploration. The burial depth of the Silurian Longmaxi shale with high and stable gas production is mostly distributed in the BDTZ. When the Longmaxi shale is located in the brittle zone, the bore hole often does not have commercial productivity and shale gas components are mainly adsorbed gas with very low free gas content. When the Longmaxi shale is located in the ductile zone, the productivity is difficult to maintain stable despite it possibly having high initial production.
The Longmaxi Formation in the Jiaoshiba area of Southern China is distributed in the BTDZ, where a giant shale gas field has been found. The depth of drilling horizontal section in four exploration wells in Jiaoshiba structure ranges from 2385-2415 m and tested 110-500 thousand cubic meters of natural gas per day in these wells.
For example, well Jiaoye1 tested initial gas production of 203,000 cubic meters a day and keeps more than 60,000 cubic meters per day after 2 years of production test. The pressure and gas yield remain stable, with a formation pressure coefficient of 1.55 (Guo and Zhang 2014) . The content of free gas in the shale gas in well Jiaoye1 is more than 50%. The Longmaxi shale of well Heye1, which located in western Hubei, is in the brittle zone. No gas flows were obtained after hydraulic fracturing, and only sporadic bubbles were seen on the surface of shale cores in the water treatment test. Formation pressure is normal and the pressure coefficient is about 1.0. Gas content tested at 2156.22 and 2163.87 m of well Heye1 showed that the total gas content was 0.74 and 0.86 m 3 /t, respectively, and dominated by adsorbed gas.
For well Dingye2HF in Southeastern Sichuan Basin, the Longmaxi Formation is located in the ductile zone. The highest initial production was up to 100,000 m 3 /day, but soon fell to 26,000 m 3 /day. Great differences of shale gas production, stable production period, contents of adsorbed or free gas between the above wells which are located in different zones may not result from factors such as source rock, reservoir condition, geologic element of hydrocarbon accumulation, but mainly from preservation or hydraulic fracturing capacity controlled by shale brittleness/ductility. TOC content and thermal maturity of well Heye1 are roughly the same as those of well Jiaoye1. The TOC of the Longmaxi Formation in well Heye1 ranges from 1.28% to 5.28% with an average of 2.54%; R o is between 2.6% and 2.8% with a median of 2.7%. TOC of the Longmaxi Formation in well Jiaoye1 is in the range of 0.8%-5.8% averaging at 2.5%; R o ranges from 2.5% to 3.1%. However, the former well has no productivity and the latter is an industrial shale gas well with high productivity. The main reason is that Longmaxi shale in well Heye1 is located in the brittle zone, where preservation was destroyed. The latter is in the BDTZ, the ''golden zone'' of shale gas exploration. Moreover, the Longmaxi shale in well Heye1 is characterized by low gas content and mainly adsorbed gas, indicating great loss of free gas resulting from poor preservation in the brittle zone in complicated structure areas. Additionally, the Longmaxi Formation pressure coefficient is 1.0 in well Heye1, while it is 1.45 in well Jianye1. It also shows the difference of preservation between the BZ and BDTZ. The former is poor and the latter is good. On the contrary, the Longmaxi shale in well Dingye2HF lies in the ductile zone. Although the preservation condition is good and the initial production is high, the shale is in ductile state and hydraulic fractures are prone to become closed under high confining pressure, resulting in rapid decrease of yields.
Conclusions
Shale brittleness and ductility are key parameters for estimation of shale gas preservation and hydraulic fracturing. Both maximum and current burial depth significantly affect shale brittleness. We established a work flow for determining the depth interval of shale brittleness and ductility.
1) The bottom boundary of BZ of shale can be determined based on the maximum burial depth and the threshold value of OCR. The top boundary of the ductile zone (DZ) can be determined based on the critical confining pressure of brittle-ductile transition. 2) The top boundary of DZ of the Silurian Longmaxi shale in eastern Sichuan-western Hubei areas is about 4470 ± 230 m. The bottom boundary of BZ varies with maximum burial depth. The greater the maximum burial depth, the deeper the bottom boundary of BZ.
3) The brittle-ductile transitional zone (BDTZ) is normally ''the best depth interval'' for shale gas exploration in Southern China. The preservation conditions may be destroyed in the BZ because of brittle fracturing. The DZ does not response well to Fig. 8 Locations of the shale gas exploration wells involved in the discussion hydraulic fracturing treatment because of fracture self-sealing. The BDTZ not only developed some natural micro-fractures, but also is characterized by good compressibility which responds well to hydraulic fracturing. It is favorable for shale gas accumulation and preservation. The BDTZ is the most favorable depth zone for shale gas exploration and development. The BDTZ determined by our workflow can be used as a main parameter of geological and engineering risk assessment for Paleozoic marine shale gas in Southern China.
